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!  .fUN  DAMENTA1,  ANJ)  DERIVED  UNITS 


i..-:  >  i- 

'i'inn* 
Kow<>- . 


1*0  l! 


iSy )  nUi'il 


l 

i 

P 


Metric 


Unit 


meter - - - - 

second .  _ _ _ 

weight  of  cue  kilogram.  - . 


- 

(km/h . 

Irn/a . . 


English 

Symbol 

Unit 

1 

Symbol  ! 

111 

font  (or  mile) . 

it.  tor  mi.) 

A 

second  (or  hour) - 

sec.  (or  hr.) 

kg 

weight  of  one  pound _ 

li>. 

horsepower.  ... _ 

lip 

k.  p.  h. 

mi./hr. _ _ _ 

in.  p.  li. 

lit.  p.  if. 

ft./soo.... - - - 

f.  p.  t>. 

IV, 


1 


S, 


Weight  — niff 

Standard  acceleration  of  gravity  “9.80665 
m/a* “-it 2.1740  ft. /.sec. 3 

p,  Density  (mass  per  unit  volume).  U, 

Standard  density  of  dry  air,  0.12497  (kg-m~*  6, 
ms)  at  15°  C.  and  760  mm '*0.002378  t, 
(ib.-ft see.3). 

Specific  weight  of  “standard"  air,  1.2255  S' 
kg/m3  -  -  0.07651  lb./ft.*.  m 


GENERAL  SYMBOLS,  ETC. 

r«P,  Moment  of  inertia  (indicate  axis  of  the 
radius  of  gyration  k,  by  proper  sub¬ 
script). 

Area. 

Wing  area,  otc. 

Gap. 

Span. 

Chord. 


ft, 

i'h 


True  air  aiiieed. 

Dynamic  (or  impact)  pressure 

L 

lift,  absolute  coefficient  ft,- 


Aspect  ratio. 

Coefficient  of  viscosity. 

3.  AERODYNAMICAL  SYMBOLS 

Q,  Resultant  moment, 
si,  Resultant  angular  velocity. 


VI 


m9 


,>  —  ,  Reynolds  Number,  when 


l  in  u  linear 


Drag,  absolute  coefficient  C®— 


9 


Profile  drag,  absolute  coefficient 

Dt 


0 


dimension. 

e.  g.,  for  a  model  airfoil  3  in.  chord,  10(1 
mi./hr.  normal  pressure,  at  15°  C.,  the 
corresponding  number  is  234,000; 
or  for  a  model  of  10  cm  chord  40  in/s, 
,  ,  ,  .  „  .  .  „  Ux  the  corresponding  number  Ls  274,000. 

induced  dmg,  absolute  coefficient  -g  ^  Center  of  pressure  coefficient  (ratio  of 

...  .  ,  ,  .  _  .  .  -  D.  distance  of  c.  p.  from  leading  edge  to 

!>„  JPktwate  drag,  absolute  coefficient  chotd  ^gth). 

absolute  coefficient  <*,  Angle  of  attack. 

«,  Angle  of  dowwaah. 

p>  «#,  Angle  of  attack,  infinite  aspect  ratio. 

ft,  Resultant  force.  <*,,  Angle  of  attack,  induced. 

im  Angle  of  Betting  of  wjngs  (relative  to  Angle  of  attack,  absolute. 

thrust  line).  (Measured  from  sero  lift  position.) 

i(,  Angle  of  stabiliser  setting  (relative  to  y 

thrust  fine). 


0,  Cross-wind  force, 


€c~ 


Wgfet  path  eagle. 


REPORT  No.  451 


THE  DRAG  OF  TWO  STREAMLINE  BODIES  AS 
AFFECTED  BY  PROTUBERANCES  AND  APPENDAGES 

By  IRA  H.  ABBOTT 

Langley  Memorial  Aeronautical  Laboratory 


146M3  32 


1 


j  htisTYtu  ii  ip' 

j  cxu  iaj'  n 

l  UcacmoMDce^  [ "j 

\  Jiauf  a  1 1,  '  a _ 


Dnc  qtjautv  nr-^f’TWD  9 


h:? . . . 

Pi  Si:  v~r.t2  ->u/ 


;  j*VS' 

2  abilJ : 

&%  1  . 

£•■'  ‘f 

Q.'  1 

H  j 

f 


NATIONAL  ADVISORY  COMMITTEE  FOR  AERONAUTICS 

NAVY  BUILDING.  WASHINGTON,  D.  C. 


(An  i  mli’pt'tii  lent  Government  establishment,  created  by  act  of  Congress  approved  March  3,  Ittla,  for  ttie  supervision  ami  ihrection  .  J  tin-  >.• 
study  of  the  problems  of  flight.  Its  membership  was  increased  to  Pi  by  act  approved  March  3,  tic1  '  Public-.  Xn.  bus.  Tilth  emigres,.  It  i 
of  memliers  w  ho  are  appointeii  by  the  President,  all  of  whom  serve  as  such  w  ithout  compensation. 1 


J ost: Pit  S.  Ames,  I’ll.  II. ,  Chairman , 

President,  Johns  Hopkins  University,  Baltimore,  Mil. 

David  W.  Tayi.ok,  D.  Kng.,  Vice  Chairman, 

Washington,  D.  C. 

Ciiahi.es  0.  Abbot,  So.  D., 

Seeretnrv,  Smithsonian  Institution,  Washington,  D.  C. 

Aktiiuk  B.  Cook,  Captain,  United  States  Navy, 

Assistant  Chief.  Bureau  of  Aeronautics,  Navy  Department,  Washington,  D.  C. 
Wii.ua m  F.  Durand,  Ph.  D., 

Professot  F.meritus  of  Mechanical  Engineering,  Stanford  Univeisity,  California. 
Benjamin  D.  Foui.ois,  Majot  General,  United  States  Army, 

Chief  of  Air  Corps,  War  Department,  Washington,  D.  0. 

Mahky  F.  Gpgoenheim,  M.  A., 

The  American  Antltassador,  Habana,  Cuba. 

Cuabi.es  A.  Lindbergh,  LL.  D., 

New  York  City. 

Wiu.iAM  P.  MacCracken,  Jr.,  Pit.  B., 

Washington,  D.  C. 

Charles  F.  Marvin,  M.  K., 

Chief,  United  States  Weather  Bureau,  Washington,  1>.  C. 

Wh.liam  A.  Moffett,  Rear  Admiral,  United  States  Navy, 

Chief,  Bureau  of  Aeronautics,  Navy  Department,  Washington,  D.  C. 

Henry  C.  Pratt,  Brigadier  General,  United  States  Army, 

Chief,  Materiel  Division,  Air  Corps,  Wright  Field,  Dayton,  Ohio. 

Edward  P.  Warner,  M.  8., 

Editor  “Aviation,”  New  York  City. 

Orville  Wright,  Sc.  D., 

Dayton,  Ohio. 


George  W.  Lewis,  Director  of  Aeronautical  Research. 

John  F.  Victory,  Secretary. 

Henry  J.  E.  Reid,  Engineer  in  Charge,  Langley  Memorial  Aeronautical  Laboratory,  Langley  Field,  Va. 
John  J.  I he.  Technical  Assistant  in  Europe,  Paris,  France. 


EXECUTIVE  COMMITTEE 

Joseph  S.  Ames,  Chairman. 
David  W.  Taylor,  Vice  Chairman. 


Charles  G.  Abbot. 

Arthur  B.  Cook. 

Benjamin  D.  Fouloi.s. 

Charles  A.  Lindbergh. 

William  P.  MacCracken,  Jr. 

John  F.  Victory 


Charles  F.  Marvin. 
Will.um  A.  Moffett. 
Henry  C.  I’hatt. 
Edward  P.  Warner. 
Orville  Wright. 

Secretary. 


REPORT  No.  451 


THE  DRAG  OF  TWO  STREAMLINE  BODIES  AS  AFFECTED 
BY  PROTUBERANCES  AND  APPENDAGES 

By  Ika  H.  Abbott 


SUMMARY 

Two  airship  models  were  tested  in  the  N.  A.  C.  A. 
rariable-densdy  wind  tunnel  to  determine  the  dray  co- 
eflicients  at  zero  pitch,  and  the  effect  of  fins  and  cars  and 
of  flat  and  streamline  protuberances  located  at  carious 
positions  alony  the  hull.  During  the  investigation  the 
stern  oj  one  model  was  rounded  off  to  produce  a  blunter 
shape.  The  extreme  range  of  the  Reynolds  Xumber 
based  on  the  orer-all  length  of  the  models  was  from 
1, 300,000  to  S3, 000, 000. 

At  large  values  of  the  Reynolds  Xumber  the  streamline 
protuberance  affected  the  dray  eery  little,  and  the  addi¬ 
tional  drag  caused  by  the  flat  protuberance  was  less  than 
the  calculated  drag  of  the  protuberance  alone.  The  fins 
and  cars  together  increased  the  bare-hull  drag  about  20 
per  cent. 

INTRODUCTION 

The  National  Advisory  Committee  for  Aeronautics 
is  conducting  in  the  variable-density  wind  tunnel  an 
extensive  investigation  of  aerodynamic  interference. 
The  investigation  deals  in  part  with  the  effects  of  pro¬ 
tuberances  from  the  surfaces  of  otherwise  streamline 
bodies.  Tests  have  been  made  (reference  1)  to  study 
the  effects  on  the  characteristics  of  wings  and  airfoil 
sections  of  protuberances  from  the  surface  of  an  airfoil. 
The  part  of  the  investigation  dealt  with  in  this  report 
is  the  study  of  the  interference  of  protuberances  from 
the  surfaces  of  streamline  bodies  of  revolution. 

The  desirability  of  making  such  interference  tests  in 
the  variable-density  wind  tunnel  where  large  values  of 
the  Reynolds  Number  may  be  obtained  is  apparent 
from  consideration  of  the  boundary-layer  theory. 
(Reference  2.)  If  wind-tunnel  tests  of  airsliip  models 
are  made  in  the  usual  range  of  relatively  small  Rey¬ 
nolds  Numbers  where  neither  the  laminar  nor  the 
turbulent  condition  of  the  boundary  layer  is  predom¬ 
inant,  the  type  of  flow  existing  in  the  boundary  layer 
over  a  large  portion  of  the  surface  is  dependent  upon 
the  turbulence  of  the  air  stream.  The  drag  coeffi¬ 
cients  thus  obtained  have  no  simple  relation  to  the  full- 
scale  coefficients;  in  fact,  those  obtained  for  the  same 
model  at  the  same  Reynolds  Number  but  in  different 
wind  tunnels  vary  greatly.  (References  2  to  6.)  If  a 


protuberance  is  attached  to  a  model  tested  in  this 
range  of  Reynolds  Numbers,  the  additional  turbulence 
created  by  the  protuberance  may  cause  the  line  tran¬ 
sition  between  the  laminar  and  turbulent  lxnmdnn 
layers  to  move  upstream  with  a  resulting  increase  in 
the  drag  coefficient.  The  nature  of  the  interference 
between  the  body  and  the  protuberance  in  this  case 
is  obviously  different  than  that  which  occurs  when  the 
boundary  layer  is  almost  completely  turbulent.  The 
data  obtained  at  large  values  of  the  Reynolds  Number 
in  this  investigation  are  accordingly  expected  to  be 
more  applicable  than  those  previously  obtained  at 
small  values  of  the  Reynolds  Number  to  the  solution 
of  design  problems,  such  as  the  determination  of  the 
drag  of  fittings,  radiators,  water-recovery  apparatus, 
and  other  objects  projecting  from  fuselages  and  airship 
hulls. 

A  study  of  the  effects  of  protuberances  was  planned 
to  be  made  during  a  previous  investigation  of  the  aero¬ 
dynamic  characteristics  of  airship  models.  (Reference 
4.)  The  drag  of  the  models,  however,  was  found  to 
vary  with  the  surface  roughness  which,  wit h  the  wooden 
models  used  in  the  investigation,  could  not  be  main¬ 
tained  constant  under  the  conditions  of  temperature 
and  pressure  in  the  variable-density  wind  tunnel. 

An  attempt  to  measure  the  relatively  small  differ¬ 
ences  in  drag  due  to  protuberances  was  accordingly 
considered  inadvisable.  To  obviate  the  difficulty  the 
Goodyear-Zeppelin  Corporation  furnished  a  simplified 
metal  model  of  the  U.  S.  airship  Akron.  The  tests  on 
this  model  were  delayed  by  extensive  alterations  of  the 
variable-density  wind  tunnel.  Meanwhile  the  l\  S. 
Army  Air  Corps  requested  tests  of  a  model  of  a  pro¬ 
posed  metal-clad  airship.  The  two  models  were  tested 
in  January,  1931.  The  drag  coefficients  at  zero  pitch, 
and  the  additional  drag  due  to  flat  and  streamline 
protuberances,  and  to  tins  and  ears  were  determined. 
The  extreme  range  of  Reynolds  Numbers  obtained  in 
these  tests  was  from  about  1,300,000  to  33,000,000. 

APPARATUS  AND  METHOD 

The  two  airship  models  of  aluminum  alloy  used  in 
this  investigation  are  designated  models  A  and  M, 
respectively. 
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Model  A  was  a  simplified  model  of  the  l'.  S.  airship 
Akron  with  circular  cross  sections.  The  length  of  this 
model  was  37.3!)  inches  and  the  fineness  ratio  was  5.9. 
Tile  measured  ordinates  are  given  in  Table  I.  The 
surface  of  this  model  was  very  smooth.  No  fins  and 
cars  were  furnished.  During  the  investigation  the 
stern  of  this  model  was  altered  to  a  blunter  shape,  the 


During  the  course  of  the  investigation  the  surface  of 
this  model  was  polished  for  a  distance  of  it  inches  aft 
of  the  bow,  and  later  was  polished  all  over.  This 
model  was  equipped  with  one  control  and  four  motor 
ears,  and  with  two  sets  of  tail  surfaces,  one  set  having 
six  and  the  other  eight  fins.  The  arrangements  of  the 
fins  and  cars  are  shown  in  Figures  2a  and  2b. 


Kiiji’KK  !.•  -Outlines  <*f  model  A  with  original  mul  alien**!  sterns  showing  typical  flat  anti  streamline  protuU-raiU'e* 


ordinates  of  which  are  given  in  Table  I.  Figure  i  is 
an  outline  drawing  of  the  model  showing  the  two  sterns. 

Model  A  was  tested  with  a  flat-plate  protuberance 
having  a  width  of  1  I  S  per  cent  and  extending  .'{.it  per 
cent  of  the  maximum  diameter  of  the  model  from  the 
surface.  This  protuberance  was  successively  attached 
to  the  model  perpendicular  to  the  surface  at  S.02,  17.4, 
30.7,  4:{.l‘>  (near  maximum  ordinate),  l>3.5,  and  X2.2  per 
cent  of  the  length  of  t  he  model  aft  of  the  bow.  Further 
tests  were  made  with  the  flat  protuberance  faired  to 


The  tests  were  made  in  the  variable-density  wind 
tunnel,  which  is  describe! I  in  reference  7.  The  mount¬ 
ing  of  the  model  on  the  auxiliary  drag  balance  »a- 
similar  to  that  described  in  reference  3,  except  that 
four  partly  shielded  round  wires  wen*  used  to  support 
the  model  instead  of  three  streamline  win's,  and  that 
a  4.')°  linkage  was  used  instead  of  a  bell  crank  to  trans¬ 
mit  the  force  of  a  counterweight.  Figure  If  is  a  photo¬ 
graph  of  model  M  mounted  in  the  tunnel.  The  dis¬ 
tances  from  the  downstream  edge  of  the  entrance 


Fu» i.’RRH  2  it  :wd  b.  Outline  of  model  M  showing  arrangement  of  fins  anti  ears  (si)  K  fins  (h)  f>  fins 


form  a  streamline  protuberance  located  successively  at 
S.02,  30.7,  and  03.5  per  cent  of  the  length  aft  of  the 
bow.  The  outlines  of  the  protuberances  in  typical 
positions  on  the  hull  are  shown  in  Figure  1. 

Model  M  was  a  model  of  a  proposed  metal-dad  air¬ 
ship.  The  length  of  this  model  was  45.44  inches  and 
the  fineness  ratio  was  4.5.  The  ordinates  are  given  in 
Table  II.  This  model  had  a  machined  surface  showing 
very  small  circumferential  tool  or  finishing  marks. 


cone  to  the  bows  of  models  A  and  M  when  mounted 
for  tests  were  12  and  10  inches,  respectively. 

The  results  were  corrected  for  the  drag  of  the  support 
wires,  the  effect  of  the  static  pressure  gradient  along 
the  axis  of  the  tunnel,  and  the  effect  of  the  tunnel  walls. 
The  wire  drag  was  computed  (reference  8),  and  was 
checked  by  testing  model  A  successively  with  two 
sizes  of  wires.  The  interference  between  the  rear 
support  wires  and  the  fins  of  model  M  was  found  to  be 
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negligible  by  testing  this  model  with  the  rear  support 
wires  in  two  positions.  The  static  pressure  gradients 
were  measured  at  all  tank  pressures  (reference  7)  for 
the  determination  of  the  horizontal  buoyancy  correc¬ 
tion,  which  was  computed  for  each  pressure  by  a  pro¬ 
cess  of  graphical  integration.  As  this  correction 
showed  small  inconsistent  variations  with  tank  pres¬ 
sure,  an  average  correction  was  used  for  all  pressures. 
The  tunnei-wall  correction  was  computed  from  the 
formulas  given  in  reference  9. 


FfhUKE  3.--I,holoKraph  of  model  M  with  fins  and  ears  mounted 
for  test  in  the  variable-density  wind  tunnel 

PRECISION 


Tiie  variation  in  check  points  indicates  the  acciden¬ 
tal  error  of  the  gross  force  measurements  to  he  about 
±  1  per  rent  of  the  net  hare-hull  drag.  The  error  of 
the  balance  calibration  may  be  as  large  as  ±2  percent 
at  the  small  Reynolds  Numbers  and  !  1  per  cent  at 
the  large  ones. 

The  drag  coefficients  of  model  A  us  determined  from 
successive  tests  with  support  wires  0.01  ">">  and  0.0240 
inch  in  diameter  were  the  same  within  the  accuracy  of 
the  tests.  The  precision  of  the  tare-drag  correction  is 
accordingly  believed  to  be  within  ±3  per  cent  of  the 
net  hare-hull  drag.  No  reliable  estimate  of  the  error 
in  the  horizontal  buoyancy  correction  can  he  made, 
but  the  result  of  this  error  is  believed  to  he  small 
because  this  correction  was  only  about  5  and  10  per 
cent,  respectively,  of  the  net  hare-hull  drags  of  models 
A  and  M.  The  tunnel-wall  correction  was  very  small 
and  the  error  in  this  correction  is  believed  to  he 
negligible. 

Disregarding  the  error  in  the  horizontal  buoyancy 
correction,  the  possible  error  in  the  results  is  ±6  per 
cent.  As  the  inaccuracies  of  corrections  do  not  affect 
the  precision  of  the  values  obtained  for  the  additional 
drags  of  protuberances  and  appendages,  these  values 


are  believed  t < >  he  precise  to  about  I  per  rent  ol  tin 
net  hare-hull  drags. 

RESULTS  AND  DISCUSSION 

Tin*  results  are  presented  in  tin*  form  of  drag  coelli- 

eients  which  arc  debited  as  ( ...  and  are 

(/( \  ol.) 


•  9  ■ 


I'h.rUE  1.  !  >r.ig  uoclliuiflit'  of  model  A 

Tested  in  the  \.  A.  (\  A.  ;  ;iriabli-dchd.>  wind  mum-1  Volume  >  17-  on.  fi 
i  Yol.)  1  ‘  -iMUiii  ><j.  fi .  Length  :<7.T.»  in.  Hi  re  hull  w  till  origin. :l  and  alter'd  ‘!orn> 
Drag  coefficient  amt  Ke\nol<l-  Number  of  allereil  model  b:tM*d  >»n  original  \<«hime 
and  length.  Rest ills  competed  for  wire  lira?,  horizontal  Du* »> atn\ .  amt  tunne!- 
wall  effect. 

i 

plotted  as  tunetions  of  Reynolds  Number.  The 
,  Reynolds  Numbers  are  based  on  the  lengths  of  the 
j  models. 

Bare-hull  drags.  The  bare-bull  drags  of  models  A 
and  M  are  presented  in  Figures  4  and  The  figures 
show  that  the  curves  of  drag  eocllicicnts  are  nearly 
straight  lines  when  plotted  on  logarithmic  scales 


X.’CJ6 


D.fsi-;/  on  /-if  "  • 

F [urRF  A.  Drag  coefficients  of  model  M 

Tested  in  the  X.  A.  ('*.  A.  variable-density  wind  tunnel.  Bare  hull.  Volume* 
1.2U1  ru.  fl.  (Vol.),'3=LIsr* sq.  ft.  Lengt  It  -  t.r>.  U  in,  Support  wires  =0.024u  in.  dia. 
Results  corrected  for  wire  drag,  horizontal  buoyancy,  and  tunnel  wall  effect. 

against,  the  Reynolds  Number.  It  will  be  seen  from 
Figure  5  that,  the  drag  coefficient  of  model  M  is  the 
same,  within  the  accuracy  of  the  tests,  at  a  given  value 
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of  tli<>  Reynolds  Number  irrespective  of  (lie  comhina- 
t ion  of  uii-  speed  and  density  used  to  give  tliat  Kev¬ 
in  tills  Number.  A  comparison  of  the  results  obtained 
for  model  A  with  those  obtained  for  different  models 
of  the  same  airship  in  different  tunnels  is  given  in 
reference  10. 


Kjm  ki;  Tht*  increase  ofUragcoeftU'iwit  of  model  A  resulting  from  ;i  flat  protuU-r 
anee  located  in  varioii**  positions  along  the  hull 

Effect  of  blunt  stern.- -The  drag  coefficients  of  model 
A  with  the  altered  stern,  wtiich  was  considerably 
blunter  than  the  original  one  (fig.  1),  are  presented  in 
Figure  4.  At  the  highest  values  of  the  Reynolds  Num¬ 
ber  the  drag  is  about  5  per  cent  higher  with  the  altered 
stern  than  with  the  original  one.  It  will  be  noticed 
that  the  rate  of  decrease  of  the  drag  coefficient  with 
increasing  values  of  the  Reynolds  Number  is  less  for 
the  model  with  the  altered  stern  than  for  the  original 
model. 

Effect  of  flat  protuberances. — The  additional  drag 
coefficients  due  to  a  fiat  protuberance  located  at  vari¬ 
ous  positions  along  the  hull  of  model  A  are  plotted 
against  the  Reynolds  Number  in  Figure  0.  At  the 
highest  values  of  the  Reynolds  Number  the  additional 
drag  due  to  the  protuberance  in  any  position  is  less 
than  the  drag  of  the  protuberance  alone  as  calculated 
from  Hat-plate  data.  (Reference  11.)  This  fact  indi¬ 
cates  that  at  large  values  of  the  Reynolds  Number  any 
increase  of  drag  resulting  from  the  effect  of  the  pro¬ 
tuberance  on  the  How  over  the  hull  need  not  be  con¬ 
sidered. 

Figure  G  shows  a  fairly  consistent  decrease  in  the 
additional  drag  due  to  the  protuberance  as  its  position 
varies  from  bow  to  stern.  This  variation  is  in  the  direc¬ 
tion  that  would  be  expected,  since  the  protuberance 
when  located  near  the  stern  may  be  in  a  region  of  lower 
velocity  than  when  located  near  the  how.  It.  is  inter¬ 
esting  to  note  how  well  this  effect  can  be  predicted 
from  boundary-layer  and  pressure-distribution  data. 


COM  MITT  UK  FOR  AEKoNAl  1'ICS 

The  apparent  drag  coefficients  of  the  protuberance  as 
!  located  in  the  various  positions  have  been  calculated 
using  the  measured  additional  drags  due  to  the  pro¬ 
tuberance,  and  the  average  dynamic  pressures  of  the 
j  air  streams  in  which  the  protuberance  was  placed. 

]  These  average  dynamic  pressures  were  determined 
graphically  from  pressure-distribution  and  boundary- 
layer  data  obtained  at  a  Reynolds  Number  of  18,000,- 
000.  (Reference  12.  )  'Fbe  calculated  drag  coefficients 
of  the  protuberance  are  tabulated  in  Table  111.  As 
expected,  these  calculated  coefficients  show  less  varia¬ 
tion  with  tin1  position  of  tin*  protuberance  than  the 
measured  additional  drags.  'Flic  calculated  drag 
coefficients  of  the  protuberance  are  much  lower  than 
the  usual  llat-plate  coefficients  (reference  11),  indicat¬ 
ing  the  presence  of  favorable  additional  interference 
that  was  not  considered  in  the  above  calculations. 
Fbe  values  of  the  calculated  drag  coefficients  of  the 
protuberance  apply  directly  only  to  llat-plate  pro¬ 
tuberances  in  contact  with  the  bull,  and  may  lie  con¬ 
siderably  different  from  coefficients  similarly  obtained 
for  Hat  plates  near,  but  not  in  contact  with,  the  bull. 

Effect  of  streamline  protuberances.  -The  additional 
drag  coefficients  duo  to  streamline  protuberances  are 
plotted  against  the  Reynold  Number  in  Figure  7  for 
three  positions  along  the  bull  of  model  A.  It  will  be 
noted  that  the  additional  drag  due  to  those  prottiber- 
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I  Fi'iURK  7.  -The  irieriMso  of  «lr;ur  roetfieient  of  mo'icl  X  resulting  from  a  streamline 
protuberant’.*  loe.ileil  in  various  p  nition.s  alon  '  the  hull 
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ances  is  very  small  at  the  high  values  of  the  Reynolds 
Number. 

Effect  of  fins  and  cars.  The  additional  drag  coef¬ 
ficients  for  each  group  of  lins  and  of  tins  and  cars  on 
model  M  are  plotted  against  the  Reynolds  Number  in 
Figures.  The  increase  of  drag  coefficients  due  to  the 
six  and  eight  (in  groups  is  about  S  and  11  per  cent, 
respectively,  of  the  bare-hull  drag.  The  low  drag  of 
the  six-fin  group  was  originally  thought  to  be  due  to 
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interference  between  the  fins  and  the  rear  support 
wires,  which  were  located  nearly  in  flic  planes  of  two 
of  the  fins.  The  tests  were  therefore  repeated  with  tin* 
rear  support  wires  moved,  but  the  results  checked  those 
previously  obtained. 

No  data  are  available  to  permit  the  computation  of 
the  average  dynamic  pressure  of  the  flow  over  the  fins; 
therefore  the  drag  coefficients  of  the  fins  have  been 
computed  using  the  measured  additional  drag  due  to 
them,  the  dynamic,  pressure  of  t fie  stream  with  no 
model  present,  and  the  fin  areas.  These  drag  coefli- 
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cients  were  found  to  be  0.0073  and  0. OOSS  for  the  six 
and  eight  fin  groups,  respectively,  at  the  highest  value 
of  the  Reynolds  Number  obtained.  These  values  are 
approximately  the  same  as  the  minimum  drag  coeffi¬ 
cients  of  thin  symmetrical  airfoils.  (Reference  13. » 
The  fin  sections,  however,  were  not  of  good  streamline 
form,  and  hence  it  is  proDahle  that  there  was  a  favor¬ 
able  interference  effect. 

The  additional  drag  due  to  the  cars  with  either  set 
of  fins  at  the  highest  values  of  the  Reynolds  Number 
was  ecpial  to  about  10  per  cent  of  the  hare-hull  drag. 
The  drag  coefficient  of  the  car'  based  on  the  sum  of 
their  maximum  cross-sectional  areas  and  the  dynamic 
pressure  of  the  air  stream  with  no  model  present  has 
been  computed  from  the  measured  additional  drag 
due  to  the  cars.  This  drag  coefficient  was  about  0.12 
nt  the  largest  values  of  the  Reynolds  Number  obtained 
which  were  about  1,200,000  and  5,000,000  for  the 
motor  and  control  cars,  respectively.  This  drag  coeffi¬ 
cient  is  about  50  per  cent  larger  than  that  for  good 
streamline  bodies  at  the  same  Reynolds  Numbers. 
(Reference  4.)  Part  of  this  difference  may  be  due  to 
interference  between  the  hull  and  cars,  but  it  is  prob-  ^ 
able  that  the  relatively  poor  streamline  forms  of  the. 


cars  as  compared  with  the  airship  models  of  reference 
4  accounts  for  most  of  the  difference.  It  will  be  noted 
that  there  is  an  apparent  error  in  the  test  at  the  lowest 
value  of  the  Reynolds  Number  ifig.  Si,  because  the 
results  of  this  test  show  an  appreciable  difference  in 
the  additional  drag  due  to  the  ears  with  the  different 
sets  of  fins. 

Effect  of  surface  roughness.  The  drag  coefficients 
obtained  for  model  M  '\ith  its  original  surface,  with 
the  surface  polished  for  a  distance  of  ti  inches  aft  of  I  he 
bow,  and  with  the  surface  polished  all  over  are  plotted 
in  Figure  5.  Tin*  drag  coefficients  agree  u  it  Inn  the 
accuracy  of  (he  tests.  The  previous  tests  which 
showed  large  effects  of  surface  roughness  on  the  drag 
coefficient  were  made  with  models  whose  surfaces  were 
much  rougher  than  those  of  the  present  tests,  t  Refer¬ 
ence  f .  i 

CONCLUSIONS 

The  results  reported  in  this  paper  are  significant  m 
showing  that  the  addition  to  a  streamline  bod\  of 
revolution  of  flat  and  streamline  protuberances  of  the 
size  tested  does  not  result  in  adverse  interference 
effects  at  large  values  of  the  Reynolds  Number. 

Accordingly,  no  large  adverse  interfere!) . . 

would  be  expected  to  result  from  variations  of  the 
shape  of  the  protuberance.  It  is  probable,  however, 
that  the  removal  of  the  protuberance  front  the  hull  to 
form  a  body  or  plafe  separated  from  the  hull  by  a 
small  gap  would  modify  the  interference  to  an  appre¬ 
ciable  extent. 
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i'esitive  direction*  of  **e»  and  a  ugly*  (torse*  ami  moment*;  mv  shown  by  arrow* 


|  Axia 

[ 

ix&ignation 

Sym¬ 

bol 

Longitudinal... 

Lateral . . 

Norma! _ 

_ _ 

X 

Y 

Z 

Moment  about  axi* 


Force 
(parallel 
to  axis) 
symbol 


Designation 


| 


Positive  liesigua- 

direetion  tion 


VelocUfos 

Linear 


X  rolling _  L  \  Y- 

V  pitching _  Af  j  Z- 

7.  |  yawing .  N  '  X- 


roll. . . . 
pitch . . . 
yaw .  _ . 


Absolut*-  coefficients  of  moment 
'  „  L  r  _  M 

C'~q6$ 


l>.  Diameter. 
p.  Geometric  pitch. 
pfO,  Fitch  ratio. 

V',  Inflow  velocity. 

V„  Slipstream  velocity. 


T,  Thrust,  absolute  coefficient  .  . 

q  ♦,  Effective 

Q,  Torque,  absolute  coefficient 

S.  KUMBUCAL  BBLATIONS 


Angle  of  set  of  control  surface  (relative  to  neu- 
^  N  tral  position),  5.  (Indicate  surface  by  proper 

" qbS  subscript.) 

4.  PKOPfiLLEK  SYMBOLS 

p 

P,  Power,  absolute  coefficient 

C„  Speed  power  coefficient  - 
ij,  Efficiency. 

~  T  n,  Revolutions  per  second,  r.  p.  s. 


♦,  Effective  helix  angle  -  tun'1 


1  hp  «  76.04  kg/m/a  -  660  Ib./ft./sec. 

i  kg/m/s- 0.0131 6  hp 
l  rra./hT.-044704  xn/« 


1  lb.- 0,4535024277  kg 
1  kg -2.2046224  lb. 

1  mi.  -1600 J5  m  -  5280  ft. 


